Little is known about the demographic/life-style/physiological determinants explaining the variation of serum perfluoroalkyl acid (PFAA) concentrations in children. We identified significant determinants in children and investigated the influence of low-level PFAAcontaminated drinking water (DW) (<10 ng L -1 of single PFAAs) on serum concentrations. 4 perfluorosulfonic acids (PFSAs) and 11 perfluorocarboxylic acids (PFCAs) were analyzed in serum from 5 th grade children from 11 Swedish schools (N=200; average age: 12 years) using liquid chromatography-tandem-mass-spectrometry. Data on demography and lifestyle/physiological factors were obtained by questionnaires. PFAA concentrations in raw and drinking water (DW) were obtained from the water works supplying DW to the schools. In multiple regression analyses school was the determinant contributing most to the variation in PFAA concentrations, with the lowest contribution for PFHpA (10%) and the highest for PFHxS (81%). Girls had lower adjusted mean concentrations of PFHxS, PFOS, PFNA and PFDA than boys, but a higher concentration of PFHxA. Girls reporting onset of menstruation had lower PFHxS and PFOA concentrations than other girls, suggesting menstrual bleeding elimination.
suggesting that low-level-contaminated DW is a significant source of exposure for children in Sweden. Although some of the associations, especially those with menstruation and child birth country, should be interpreted with extra caution due to the small size of the study, the results contribute to future work on identifying populations of children at risk of elevated PFAA exposures.
Introduction
Per-and polyfluoroalkyl substances (PFASs) are surface active industrial chemicals with a world-wide use. Long-range transport of PFASs occurs in the atmosphere and oceans, as well as by distribution of PFAS-containing products within and between continents. 1, 2 Some of the polyfluoroalkyl substances (precursors) are degraded to very persistent perfluoroalkyl acids (PFAAs), which are detected in biota from the poles to the equator. 2, 3 For humans, food is an important exposure source, [4] [5] [6] but in certain cases use of PFAS-containing products may significantly contribute to exposure via dust ingestion and/or inhalation. 7, 8 PFAA-contaminated drinking water (DW) is an additional significant exposure source in areas affected by pointsource contamination, for instance fire-fighting training areas and PFAS production facilities. [9] [10] [11] [12] [13] [14] [15] In these cases with medium/high PFAA contamination (>10 ng L -1 of single PFAAs), exposed populations have significantly elevated circulating concentrations of the PFAAs in question.
PFAAs, such as perfluorooctane sulfonic acid (PFOS) and perfluorooctanoic acid (PFOA), are toxic in experimental animal studies, causing developmental effects in offspring, immune suppression, liver toxicity, effects on lipid dynamics, and hormonal effects. 16, 17 Epidemiological studies on populations with background/high PFOS and PFOA exposure have reported similar associations between circulating PFOS/PFOA concentrations and outcomes, although results vary between studies. [18] [19] [20] A recent risk assessment of PFOS and PFOA by the European Food Safety Authority (EFSA) concluded that a considerable proportion of the European population exceeds the proposed tolerable weekly intakes (TWI). 21 The TWIs were based on epidemiological studies showing increasing serum cholesterol levels in adults with increasing exposure to PFOA and decreased antibody response among children with increasing exposure to PFOS. As with PFOA, PFOS effects on cholesterol levels was also identified as a critical effect in the risk assessment. Effects were observed in populations with background exposure to PFOS and PFOA. 21 However, as pointed out by EFSA, there are still some uncertainties about possible confounding of the cholesterol and antibody associations in the critical epidemiological studies used in deriving the TWIs. Moreover, there are still not consensus that the epidemiological studies can be used for the development of TWIs. 22 Therefore EFSA stated that the TWIs are provisional, with an ongoing review during 2019-2020. 21 Although a large variation in circulating PFAA concentrations in children has been reported, few studies have investigated the reasons behind the variation. Most frequently studied determining factors for circulating PFAA concentrations in infants/children up to age 13 years are maternal transfer in utero and through breastfeeding, age, sex, body mass index (BMI), socioeconomic factors, and race/ethnicity, with diverging results. [23] [24] [25] [26] [27] [28] [29] [30] [31] The divergence of results are most probably due to differences in design of the study, the region studied, age at sampling, time period when sampling occurred, and PFAA homologues studied. The most frequently studied homologues are PFOS and PFOA.
Evidence is rapidly accumulating that PFAA contamination of DW is a problem in many places of the world. 32 A study of children from Sweden (POPUP cohort), living in an area receiving contaminated drinking water before 2012, reported increasing serum concentrations of perfluorohexane sulfonic acid (PFHxS) and PFOS with increasing duration of residence in the areas receiving contaminated DW. 33 PFHxS and PFOS concentrations in the drinking water was, based on only a few measurements, 25-45 ng L -1 at the time of discovery of the contamination in 2012. 34 However, the study also suggested that DW may be an important source of PFAA exposure even at PFAA concentrations <10 ng L -1 (low-level contamination). Serum levels of perfluorobutane sulfonic acid (PFBS) and PFOA were associated with duration of living in the contaminated areas, although DW concentrations were below 10 ng L -1 at the time of discovery. 9, 33 Low-level-contaminated DW as an important source of exposure to certain PFAAs is further supported by a study from Germany, where a statistically significant positive correlation was observed between self-reported DW consumption and perfluorooctanoic acid (PFOA) concentrations in plasma among children living in an area with reported average DW PFOA concentration of <1 ng L -1 . 35 Finally, in a recent study on adult women from the general population in the U.S. it was observed that tap water concentrations of PFOA and perfluorononanoic acid (PFNA) (median: ≤1 ng L -1 of single the PFAA) were associated with plasma concentrations among individuals that reported drinking >8 cups of drinking water per day. 36 No associations were found for PFOS and perfluorohexane sulfonic acid (PFHxS).
It may be possible that drinking water PFAA exposure contributes more to the variation in circulating PFAA concentrations in children than in adults, especially when looking at PFAAs with long half lives in humans. Adults have experienced larger historical exposures of especially PFHxS, PFOS and PFOA than children, due to exposures among adults before and during the peak of production/use of these PFAAs and related compounds. 37, 38 This may mask associations between present consumption of low-level PFAA-contaminated DW and circulating PFAA concentrations among adults. In the case of Uppsala, Sweden, young women living in the area receiving contaminated DW did not have significantly higher PFOS and PFOA serum concentrations, in contrast to the children. 9, 33 We used a nation-wide study of serum PFAA concentrations in 5 th grade children (average 12 yrs of age) in Sweden to study if low-level PFAA-contaminated DW is a significant source of PFAA, by analyzing associations between serum PFAA concentrations in children and PFAA concentrations in DW/raw water from the water works supplying DW to the schools. Moreover, a number of potential determinants of serum concentrations were studied in order to improve the knowledge about the factors explaining the variation in PFAA concentrations. Finally, serum concentrations of PFOS and PFOA among the children were compared with concentrations associated with significant changes in cholesterol and vaccine antibody response in children, as determined by EFSA. 21
Subjects and methods

Study group
The study focused on school children in 5 th grade in Sweden that with a few exceptions were born year 2002 and were on average 12 years of age in January-May 2014 (Table 1) . For logistic reasons, the sampling was performed by six out of the seven Occupational and Environmental Medicine Departments (OEM), from south to north situated in Lund, Linköping, Örebro, Stockholm, Uppsala and Umeå. The only OEM region missing was the south-west region of Sweden (Gothenburg). All OEM departments have a regional responsibility within the national health care system. The selection of schools was carried out by Statistics Sweden and consisted of a national representative sample of schools in the six OEM regions, from which ten schools in each region were selected. From this sample the two largest schools were asked to participate. If a school declined, the third largest school was approached, and so on until reaching the target of 2 schools per region. In the OEM Lund region five schools were asked to participate before reaching the target, in Linköping region four schools, Örebro six schools, Stockholm four schools, and Uppsala two schools. In the Umeå region only one out of a total of five schools participated. In total the participation rate of schools was 43%. The participating schools had 22 to 77 children in the 5 th grade. Among these children, the participation rate was 45 % (234 out of 524). The final data set included 200 participants with all parts of the study completed (questionnaire and blood sampling). The study was performed in compliance with the relevant laws and institutional guidelines, and was approved by the regional ethical committee in Uppsala. Written informed consent was given by the study participants and both of their parents/legal guardians.
Personal characteristics and blood sampling
Personal characteristics were assessed by a web-based questionnaire ( Table 1 ). Children that did not have access to a computer at home used a paper version of the questionnaire, and the data were entered into the web-based system by employees at the Swedish Food Agency. Questions about lifestyle and family were answered by the participants themselves. Questions about the parents were answered by the parents. Personal characteristics included school, sex, history of breastfeeding as infants, number of older siblings, parental education, child birth country, maternal birth country, smoking/passive smoking, and onset of menstruation (girls). Body weight and length were measured at the time of blood sampling by trained personnel, weight to the nearest 0.1 kg using a calibrated digital scale (seca 862/899, SECA, Germany) and length to the nearest 0.1 cm using a portable stadiometer (seca 213, SECA, Germany). A blood sample from each child was drawn from an antecubital vein. Serum was immediately separated and frozen at -20 o C and after transport to the laboratories stored at -80 o C.
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Drinking water PFAA concentrations
Data on PFAA concentrations in DW/raw water were obtained from the water works supplying DW to the participating schools (Additional file, Table S1 ). No analytical details and quality control data from the commercial laboratories performing the analyses were supplied by the water works. Some water works only reported data for raw water, which is the untreated water entering the water works from the ground/surface water source. Results from water works with both raw water and DW data showed only minor differences (Additional file, Table S1 ). In order to maximize the number of participants in the statistical analyses of associations between serum PFAA and DW concentrations, both raw water and DW data were therefore used. It was assumed that DW supplied to the schools also was supplied to the homes of the children. Since participating schools were situated in large municipalities/cities, no participants reported well water as main source of DW at home. Some of the water works reported that they regularly measured PFAAs in DW/raw water whereas others reported only one measurement (Additional file, Table S1 ).
For PFHxS, DW exposure of the participants was classified with one group consisting of water works with reported median DW/raw water concentrations of <1.6 ng PFHxS L -1 , another with 2 ng PFHxS L -1 and a third group with a reported median concentration of 17 ng PFHxS L -1 (Additional file, Table S1 ). DW PFOS exposure was classified as median concentrations <1.0 ng PFOS L -1 , 3.9 ng L -1 and 5 ng L -1 . PFOA exposure was classified in 2 groups, <1.0 ng L -1 and 1.1-1.5 ng L -1 (Additional file, Table S1 ). The cut-off PFAS DW concentrations used for the classification were chosen so that each group consisted of ≥20 participants. 
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Open Access Article. Published on 23 January 2020. were 10% at 0.6 ng mL -1 and 5% at 2 ng mL -1 for PFHpA. For PFHxS, the CV was 17% at 2 ng mL -1 and 11% at 4 ng mL -1 , for PFOA the CV was 6% at 3 ng mL -1 and 7% at 4 ng mL -1 , and for PFNA the CV was 10% at 1 ng mL -1 and 8% at 3 ng mL -1 , for PFOS the CV was 8% at 6 ng mL -1 and 6% at ng mL -1 , for PFDA the CV was 6% at 1 ng mL -1 and 5% at 3 ng mL -1 , for PFUnDA the CV was 6% at 1 ng mL -1 and 4% at 3 ng mL -1 , and for PFDoDA the CV was 11% at 1 ng mL - 
Determinants
Relations between PFAA concentrations and explanatory variables (determinants) 'school', 'sex', 'length, 'weight', 'number of older siblings' (none, one, and two or more), 'child birth country', 'maternal birth country', 'maternal education' (≤11 years, 12-13 years, >13 years), 'paternal education' (≤11 years, 12-13 years, >13 years), passive smoking (yes, no), 'breastfed during infancy' (yes, no), and 'onset of menstrual bleeding' (yes/no, girls only) were investigated by multiple linear regression. "School" and "sex" were included as determinants in the models since there may be regional differences in exposure due to for instance DW contamination, as 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 well as gender differences in PFAA exposure. 40, 41 A Korean study reported negative associations between child body length and several of the PFAA included in our study, 29 and therefore we included 'length', as well as 'weight' as determinants. ´Child birth country' was included since lower serum concentrations of certain PFAAs have been reported for populations from less industrialized countries. 42, 43 Birth country was classified as high-income country, upper-middleincome country or lower-middle/low-income country, according to the UN classification of countries by their per capita gross national income 2014 (Additional file, Table S2 ). 44 Due to few participants not born in a high-income country (N=4) 'child birth country' was categorized as born in a high-income country or not born in a high-income country.
A study on 4-12 year old children has shown that in utero/lactational PFAA exposure, as determined by maternal serum PFAA concentrations close to delivery, may influence child serum PFAA concentrations a decade after birth. 33 Moreover, higher parity is associated with lower maternal PFAA concentrations in mothers during pregnancy. 45 Taken together these results prompted us to include "'number of older siblings' as a potential determinant child PFAA concentrations, due to potentially higher early life PFAA exposure among first-born children than among children with older siblings. 'Maternal birth country' was included as a possible determinant because an earlier study have shown that mothers from less industrialized countries have lower serum PFOS, PFOA and PFNA concentrations than mothers from highly industrialized Nordic countries. 43 'Maternal birth country' was similarly as 'child birth country' classified as a high-income country, upper-middle-income country or lower-middle/low-income country. Among Swedish 4-12 years old children serum PFAA concentrations increased with number of months of breast-feeding. 33 Therefore, 'breast-feeding' was included as a possible determinant. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60
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The variables 'maternal education' and 'paternal education' were included since education level has been reported to be positively related to serum PFAA concentrations in adults in Sweden. 41 This is probably due to education-related differences in life-style causing differences in PFAS exposure, which could also affect the children in a family. 41 The variable 'passive smoking' consisted of participants reporting passive smoking at home and/or in school, and those reporting that they were not exposed to passive smoking either at home or at school. This variable was tested as a determinant since PFAA levels may be associated to smoking. 46, 47 The variable 'menstrual bleeding' was composed of girls reporting onset of menstrual bleeding (yes) and those reporting not having started menstruation (no). Regular blood loss may increase PFAA elimination thus affecting circulating PFAA concentrations. [48] [49] [50] 
Statistical analyses
Statistical analyses included 200 participants with all parts of the study completed (questionnaire and blood sampling). MINITAB 15 ® ,was used for the analyses and the significance level was set to p≤0.05. Sex differences in personal characteristics and PFAA concentrations were analyzed using the Two-Sample T-test (unequal variances) for continuous data and by the chi-square test for categorical data. Differences in PFAA concentrations between schools were analyzed by Welch´s Anova (unequal variances). Continuous data were log-transformed when not normally distributed.
Analyses of associations between PFAA concentrations and personal characteristics/DW
exposure were only performed for PFAAs with more than 75% of the data above LOD, i.e.
PFHxS, PFOS, PFHpA, PFOA, PFNA, PFDA and PFUnDA. Data values below LOD was set to LOD/√2. Distributions of PFAA concentrations closely followed a log-normal distribution, and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 TWI. This BMDL 05 was by EFSA modelled to be associated with a 5% decrease in levels of antibodies against diphtheria vaccine in 7 years old children. 21 The EFSA PFOA TWI was based on the BMDL 05 concentration associated with a 5% increase in total cholesterol among adults. In our risk assessment serum PFOA concentrations in 12 years old children were compared with a serum concentration of 6 ng PFOA mL -1 , estimated by EFSA to be the serum PFOA concentration attained at 12 years of age during life-time intake of PFOA at the TWI. 21
Results and discussion
PFAA concentrations
Among the Swedish school children sampled in 2014, median concentrations of PFBS, PFDS, PFHxA, PFDoDA, PFTrDA, PFTeDA, PFHxDA and PFDoDA were below LOD (<0.04-<0.10 ng mL -1 ) ( Table 2 ). Among perfluoroalkyl sulfonic acids (PFSAs), the median PFOS concentration was 3-fold higher than the median PFHxS concentration ( Table 2) . Among perfluoroalkyl carboxylic acids (PFCAs) with median concentrations above LOD, PFHpA exhibited the lowest median concentration (less than 0.1 ng mL -1 ) and PFOA was the only PFCA with a median concentration above 1 ng mL -1 . For PFCAs with longer carbon chains than PFOA, median concentrations decreased with increasing carbon-chain length ( Table 2) . PFAA concentrations were within the range of those reported for background-exposed children/adolescents from other industrialized countries, although being on average slightly lower than those reported up to 2010. 24, [51] [52] [53] [54] [55] [56] Comparisons with other studies are hampered by, for instance, differences in age of the studied group and differences in methods for PFAA analyses. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 Girls had lower median concentrations of long-chain PFAAs (PFSAs ≥6 carbons in chain, PFCAs ≥8 carbons in chain) than boys, although for PFHxS the difference was not statistically significant ( Table 2 ). The non-significant differences for PFHxS was probably due to a large overlap of concentrations among girls and boys, due to the much higher concentrations in both sexes in one school (Fig. 1) . In contrast, the median concentration of the short-chain PFHpA was higher in girls than in boys. The PFAS production by the industry has moved from long-chain to short-chain PFAS chemistry. 57, 58 59 A speculation is that the diverging sex-related difference in serum concentrations between the long-chain PFAAs and PFHpA in the Swedish children mirrors sex-related differences in exposure sources. For instance a study of PFASs in cosmetic products on the Swedish market reported that the most frequently detected PFASs were shortchain homologues, with PFHpA being most often detected. 60 Since girls are more likely to use cosmetics than boys, PFAS-containing cosmetic-products may be an additional PFHpA exposure source for girls but not to a large degree for boys.
Previous studies of sex-related differences in PFAA concentrations report diverging results, probably depending on differences in age groups studied, population differences in sexrelated exposure and timing of sampling in relation to shifts in PFAS production. No differences were reported for <13 years old children from USA, 0-18 years old "non-adults" from China, and 5-year-old children from the Faroe Islands. 24, 61, 62 Similarly as in the present study, higher PFOS and PFOA concentrations in boys than in girls (1-18 years) were reported in a population with high PFOA exposure from DW in the USA, 54 and similar results were observed for PFHxS and the linear isomer of PFOS in 3-11 years old children participating in NHANES 2013-14 in the USA. 63 However, in the latter case no differences were observed for PFOA (linear isomer), PFNA and PFDA. 63 Page 17 of 40 Environmental Science: Processes & Impacts   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 A significant school-dependent difference in PFAA concentrations was observed among the Swedish children, with the largest difference for PFHxS ( Fig. 1 ). For PFHxS one school showed a 10-fold higher median child PFHxS concentration than the other schools. This school is situated in the city of Uppsala where PFAA contamination of the DW was discovered in 2012. 9 PFHxS concentrations in the few DW samples collected at the tap in the Uppsala area receiving contaminated DW was on average about 40 ng L -1 at the time of discovery of contamination in 2012. 34 The blood samples in the present study were taken 2 years after the discovery/mitigation of the PFAA contamination. However, the historical exposure of the 
Associations with personal characteristics
In multiple regression analyses, school was a significant determinant for all studied PFAAs, sex was significant for PFHxS, PFOS, PFHpA, and PFDA, onset of menstrual bleeding among girls for PFHxS and PFOA, child birth country for PFOS, PFNA, PFDA and PFUnNA, maternal birth country for PFOS, PFOA and PFDA, number of older siblings for PFOA, maternal education for PFOS, and paternal education for PFOA and PFDA (Additional file, Table S2 ). Sensitivity analysis, excluding outliers, did not change associations markedly, except for sex and maternal birth country becoming statistically significant determinants for PFNA. School was the determinant that contributed most to the variation in PFAA concentrations, explaining 9.6-81% of the variation in PFAA concentrations (partial R 2 0.096-0.81). The highest contribution of school to the variation was observed for PFHxS and the lowest for PFHpA. Partial R 2 for the other determinants never reach higher than 0.1. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 Although the results from our relatively small study have to be regarded as hypothesis generating, the PFAA associations with onset of menstrual bleeding (girls), child and maternal birth country, and parental education level may be important confounders to consider in future studies of child PFAA exposure and health effects. Apart from influencing serum PFAA concentrations, menarche timing among girls may influence later health development. 64 Different birth countries points to potential genetic differences that may influence the risk of health effects. 65 Parental education level is a socio-economic indicator that is associated with disease risks. 66, 67 The sex-related differences in the multiple regression analyses were similar as in the crude analyses without covariate adjustment (Fig. 2 , Table 2 ), showing that the determinants included in the present study did not markedly influence sex differences in concentrations. Regular blood loss, for instance during menstruation among females, may increase PFAA elimination. 48, 49 This is supported by lower adjusted mean PFHxS and PFOA concentrations among girls reporting onset of menstrual bleeding (Fig. 2 ), suggesting that menstrual blood loss may influence concentrations of some PFAA already soon after menstruation onset. A closer look on influenced to a lesser degree of menstruation than that of PFOS. 50 However, Rush et al. 68 reported similar influence of use of oral contraceptive (OC) (lower concentrations due to lower 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60
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Open Access Article. Published on 23 January 2020. Table S2 ). This could be due to the few girls reporting onset of menstrual bleeding (N=5). Our finding is contrary to a previous modeling study suggesting that menstrual bleeding had little influence on PFOS and PFOA concentrations at menarche. 69 All children were born in high-income countries except four participants, which had lower adjusted mean serum concentrations of PFOS, PFDA, PFNA and PFUnDA (Fig. 2 ). Although this finding has to be interpreted with care due to the few children born in less industrialized countries, the lower serum concentrations are in agreement with other studies of adults. 42, 43 A negative association between PFAA concentrations in house dust and human development index, 70 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 Sweden showed that maternal serum PFOS and PFOA concentrations at delivery were higher in mothers from Sweden/Europe than in mothers from Sub-Saharan Africa, the Middle East, East
Asia and South America. 43 Another Swedish study suggested that maternal transfer of PFOS and PFOA during pregnancy/nursing still influence child serum concentrations more than a decade after birth. The very long half-lives of PFOS and PFOA in humans, with reported average estimated half-lives varying between 3.1 to 18 years for PFOS and 2.1 to 3.8 years for PFOA, most probably contribute to this relation. 10, 72 Although early life PFAA exposure may influence child serum PFAA concentrations, as indicated by associations with child and maternal birth country, two other potential determinants of early life exposure, breastfeeding (yes/no) and number of older siblings (maternal parity),
were not important determinants of child serum PFAA concentrations (Additional file, Table   S2 ). The only statistically significant result observed was a 8% lower adjusted mean concentration of PFOA (p≤0.05) among children with one older sibling than among first-born children. Breastfeeding is a significant source of PFAA exposure of infants, 26, 73, 74 but the contribution of this exposure to child PFAA concentrations decreases with child age. 28, 30, 75, 76 Our results thus indicate differences in the influence of maternal and paternal life-style on child serum PFAA concentrations, as suggested by differences in relations between maternal and paternal education level and serum PFAA concentrations (Fig. 3) . For maternal eduction level, the highest adjusted mean serum concentration of PFOS was observed among children with highly educated mothers (Fig. 3) . Similar results were observed for paternal education and PFOA, PFNA and PFDA (Fig. 3 ). An earlier study on adults from Sweden showed that serum 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60
Open Access Article. Published on 23 January 2020. PFAA concentrations increased with increasing education level. 41 The influence of parental education level on child serum PFAA concentrations is most probably due to socio-economicrelated life-style factors that influence child PFAA exposure.
Associations with drinking water PFAA
Based on the PFAA concentrations reported by the water works supplying DW to participating schools, PFHxS, PFOS and PFOA were the only detected PFAAs in the raw water/DW (Additional file, Table S1 ). In some cases the DW analyses were limited to these three PFAAs.
The Table S1 ). This is in line with the majority (PFHxS 96%, PFOS 88%, PFOA 89%) of the 236 water works participating in a screening study of PFAS performed by The Swedish Water and Wastewater Association (Svenskt Vatten AB) in 2014. 77 EFSA reported mean concentrations of 3 ng PFOS L -1 and 10 ng PFOA L -1 in European countries when concentrations below LOD were set to the concentration at LOD (upper bound mean). 21 One water works in the present study reported highly variable PFHxS, PFOS and PFOA concentrations over the 3 years of screening (2012-2015) (Additional file, Table S1 ). In 2012 it was discovered that some of the production wells of this water works 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 were highly contaminated with PFAS. 9 The DW samples with concentrations in the upper range reported in Table S1 (Additional file) were taken close to the discovery of the contamination.
Concentrations subsequently decreased due to efforts to mitigate the contamination.
The adjusted mean PFHxS serum concentrations were significantly higher among children from schools receiving DW with median PFHxS concentrations of 2 ng L -1 and 17 ng L -1 than among children from schools with DW concentrations <1.6 ng PFHxS L -1 (Fig. 4) . For PFOS higher adjusted mean concentrations were observed among children from schools with median DW concentrations of 3.9 and 5 ng L -1 than among children from schools with <1.0 ng PFOS L -1 .
Children from schools with median DW PFOA concentrations of 1.1-1.5 ng L -1 had significantly higher adjusted mean PFOA concentrations in serum than children in the group with <1.0 ng PFOA L -1 (Fig. 3) . Theoretical intake calculations of PFAA intake from the other important PFAA exposure source, food, give support to the possibility that low-level PFAA contamination of drinking water may be a significant source of exposure for children. In a Swedish risk assessment from 2013 it was estimated that children (12 years of age) had a median food intake of PFHxS and PFOS of 0.043 and 0.35 ng kg body weight -1 day -1 , respectively. 78 In the present study, ingestion of 2 L of water per day 79 with average PFHxS concentrations of 2 and 17 ng PFHxS L -1 (Additional file, Table S1 ) would theoretically result in DW intakes of 0.1 and 0.9 ng PFHxS kg -1 day -1 (age 12 years, average body weight 40 kg), respectively. This is 2 and 20 times higher 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60
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View Article Online DOI: 10.1039/C9EM00497A than the estimated average intake from food. 78 The reported average PFOS concentrations in the water supply of 3.9 ng L -1 and 5 ng L -1 would result in intake of 0.2 and 0.3 ng kg -1 day -1 , being only slightly lower than the median intake from food (0.35 ng kg -1 day -1 ). 78 PFOA drinking water intakes at the highest average PFOA concentrations in drinking water (1.1-1.5 ng/L) would be 0.055-0.075 ng PFOA kg -1 day -1 , which is 6-9% of the estimated average intake from food for 12
year-olds (0.86 ng PFOA kg body weight -1 day -1 ). 78 There are however uncertainties in theoretical PFAA intake calculations from food, which is dependent on data both regarding consumption rates of a large variety of foods and occurrence data for PFAA in these foods. A
Norwegian study estimated that a theoretical intake calculation of PFOA (20 ng/day), based on a food frequency questionnaire and occurrence pf PFOA in food, over-estimated the average PFOA intake 3 times compared with the average intake estimated from PFOA analyses of 1-day duplicate diet samples among 61 adults. 80 Assuming a similar 3-fold overestimation of average intake of PFOA from food among 12 year old children in Sweden, a DW concentration of around 1 ng L -1 would represent an intake that is 20% of the average intake from food. Indoor dust has also been proposed as source of child PFAA exposure. A recent study reported modelled average PFOS and PFOA intakes from bedroom dust among Finnish children of 0.0006 and 0.0007 ng kg -1 body weight day -1 , respectively, which is several orders of magnitude lower than estimated average intakes from low-level contaminated DW in the present study. 81 Average PFHxS intake from dust could not be estimated due to many dust samples having too low PFHxS concetrations. 81 Despite the uncertainties in the present study, our results suggest that low-level contaminated drinking water (single PFAAs <10 ng L -1 ) is a significant source of PFHxS, PFOS and PFOA in Swedish children. The PFOA results are in agreement with the two previous 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60
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View Article Online DOI: 10.1039/C9EM00497A studies suggesting a significant influence of low-level-contaminated DW on child PFOA exposure. 35, 76 Taken together, the results strongly suggest that exposure to low-level PFHxS-, PFOS-and PFOA-contaminated DW should be taken into account, together with exposure from food and other possible sources of exposure, in health risk assessment of PFAA exposure of children.
There are, however, still uncertainties regarding associations between serum and DW PFAA concentrations. Only a low number of analyses had been performed in most of the water works, only data for raw water were available in some cases, and different analytical laboratories were used. An additional uncertainty is that analytical details and quality control data for the PFAS analyses in DW by the commercial laboratories were not supplied to us from the water works. Furthermore, we had no information about inter-individual variation in DW consumption among the participating children and about DW sources outside school hours. Information was also lacking about how long the study participants had lived in the study areas. Moreover, the children from the Uppsala school were most probably exposed to higher PFAA concentrations before 2012 than indicated by the DW PFAA concentrations from 2012 and onwards when the PFAA contamination had been mitigated. 9 This at least partly explains the higher adjusted mean serum PFHxS, PFOS and PFOA concentrations in DW category 3 (PFHxS and PFOS) and 2 (PFOA) (Fig. 3) . However, despite these uncertainties we observed higher adjusted mean PFHxS and PFOS already among children in category 2 (Fig. 3) , supporting the hypothesis that lowlevel PFHxS and PFOS contamination of DW is a significant source of exposure. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60
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Open Access Article. Published on 23 January 2020. Two of the participating children (boys, 1%) had a serum PFOS concentration marginally above the BMDL 05 PFOS concentration modelled to be associated with a 5% decrease in levels of antibodies against diphtheria vaccine in 7 years old children (10.5 ng PFOS mL -1 ). 21 One participant with a serum concentration of 13 ng PFOS mL -1 was from the Uppsala OEM region and the other with 11 ng PFOS mL -1 was from the Linköping OEM region. None of the children had a serum PFOA concentration above 6 ng PFOA mL -1 , estimated by EFSA to be the serum PFOA concentration attained at 12 years of age during life-time intake of PFOA at the TWI. 21 This suggests that background PFOS and PFOA exposures from food and drinking water during the first decade of life in Sweden currently are of no health concern. However, in populations exposed to highly contaminated DW (>100 ng L -1 ) children may have PFOS and PFOA intakes high above the TWIs. 10 Moreover, in the future risk assessment should be based on possible combination effects of the total mixture of PFAAs that children are exposed to, since several of the PFAAs studied by us act through the same toxicity pathways. 17, 82, 83 
Conclusions
The phase-out of production and use of PFHxS, PFOS, PFOA and related compounds have resulted in decreasing human exposure in many parts of the world. 38, 84, 85 Nevertheless, hot-spot PFAA pollution has contaminated ground and surface water used for DW production, resulting in very high exposures of the general population drinking the contaminated water. 10, 86 This contamination is currently not possible to mitigate at the primary source, and have already resulted in costly measures to decrease PFAA contamination of DW in the water works downstream of the contamination source. However, there is also a more diffuse contamination of DW 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 well below PFAA levels that are currently proposed as non-regulatory health-based DW guidance levels. [87] [88] [89] Our results illustrate the possibility that low-level PFAA-contaminated drinking water is an important exposure source of long-chain PFHxS, PFOS and PFOA among children in Sweden, explaining a significant portion of the variation in serum concentrations of these PFASs. Further studies are needed to determine if this also is the case for adults that have experienced larger historical exposures of these long-chain PFASs from other sources than DW than children. There is currently no requirements of regular PFAS monitoring in DW in Sweden, although many water works have included monitoring after risk analysis of potential contamination. Regular monitoring for all waterworks should be considered in the future. Our results suggest that determinants of child PFAA levels, such as child and maternal birth country, onset of menstrual bleeding (girls), and maternal/paternal education levels, are potential confounding factors to consider in future studies of PFAA and health associations. Environmental Science: Processes & Impacts   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 There are no conflicting interest to declare. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60
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